Negative ion production for neutral (deuteron) beam injectors is considered for a general system utilizing charge exchange production in alkali metals. Experimental results provide parameters and show good correlation with calculations using known atomic cross sections, so that beam behavior can be predicted. It is found that coupling into the high voltage accelerator poses significant constraints on optimization of the system, e.g., to determine its minimum size. A typical design for 200 keV final energy provides D~ at 1.5 keV from charge exchange 1n rubidium, with an average current density of 23 mA/cm 2 and a total current of 20 A.
INTRODUCTION
The generation of efficient, very high energy, neutral beams of the hydrogen and its isotopes 1s generally believed to require the use of negative ions [1, 2] . Positive ions are difficult to neutralize: For deuterons at 200 keV, for example, the efficiency of neutralization by charge-exchange in deuterium is 20%, and it decreases rapidly as the energy increases. The efficiency of stripping an electron from the negative deuterium ion is about 60% at 200 keV, however, and even greater stripping efficiencies might be obtained in plasmas [3] or in intense photon (light) fields [4] ~ Given this information, it is straightforward to show that neutral beams based upon negative ions are potentially a highly efficient means of obtaining plasma heating in thermonuclear experiments and reactors if injection energies in excess of 200 keV are required [1, 5, 6] . Many different sources of negative ions have been proposed and studied [9] . The approaches tested include charge-exchange in alkali metals, production on surfaces, production in the volume of a plasma, and others.
In this paper negative ion (D-) beam production by charge exchange is considered for use as a neutral beam. The parameters of the negative ion system are varied to yield designs with minimum sizes at fixed total Dcurrent. In these designs the energy cost per D ion is small enough that it is not a major consideration. The analysis draws on experiments in which H-and D are formed in cesium [10] [11] [12] and m sodium [13~17] . In all these experiments a positive ion beam is extracted from a source and passed through an alkali metal jet. Post-acceleration, when done, follows propagation through a drift space which minimizes the flow of gas and electrons into the accelerator.
The results of these experiments demonstrate that one can pred the negative ion beam parameters with considerable confidence from atomic measurements. Quantities such as beam current and current density, angular divergence, gas flow, etc., can be calculated to within about 20%. Given this capability we consider a general D-production system as a function of geometry, energy and charge exchange medium. Optimization is done to determine a "best" system for neutral beam production. This design is intended to demonstrate what can be done and to serve as a guide for future work in charge exchange sources of H-and D-.
The final design depends, of course, on the initial assumptions as to the system design. There are two approaches to negative ion generation using charge exchange which differ enough from the present model that our conclusions do not hold. Geller et al. [18, 19] have constructed a system in which the positive ion source and entire beamline is placed in a magnetic field. This permits the source to operate at a very high gas efficiency, and greatly reduces problems associated with angular divergence and stripping of the negative ion before acceleration. On the other hand, the magnetic field may cause problems of plasma and electron control, beam stability, and voltage holding near the accelerator which are absent from the unmagnetized system and thus not considered here.
Even more different is the proposal by Becker et al. [20, 21] 
DESIGN PHILOSOPHY
There are several issues which need to be considered to establish a basic design. These include: the possible use of molecular ions in the initial (positive) ion beam, the type and geometry of the high voltage accelerator, and the means of handling gas. These basic issues have a large effect on the general design and thus are considered first.
ATOMIC VS .MOLECULAR IONS
The positive ion source 1s operated with some fraction of its current in To utilize this current density, however, the molecular ions must be dissociated before conversion to negative ions. This can be done either in deuterium or in the charge exchange vapor. In both cases a line density of
or comp e e 1ssoc1a 1on. The deuterium line density could be provided by a "neutralizer" tube downstream from the source, but there are two penalties: (a) The gas density in the source grid region is high, causing a significant level of secondary processes during the positive ion acceleration process (ionization, charge exchange, secondary electrons) [23] . (b) The neutralizer tube will be quite long; extrapolating from the source used in the authors' work [15] [16] [17] , about 80 em would be required. This in turn lengthens the system considerably. These penalties are significant and indicate that breakup of a large fraction of molecular ions in deuterium would be difficult to implement, especially in a steady state system. Alternatively, the charge exchange medium can be used to dissociate the molecules. This is the approach taken by Semashko et al. [13, 14] in sodium.
However, the D-current produced from atomic deuterium reaches its full value The conclusions for the present study are that the complications associated with the use of molecular ions are unwarranted and that it is best to design for a single energy system. Present deuterium sources [25] yield than 75% D+ in the initial beam, and one of the efforts in the neutral more beam research and development based on positive ions is to increase this fraction. Any contributions to the D-current from molecular ions are useful but will not be included in the present analysis.
THE ACCELERATOR GEOMETRY
Historically, the accelerators used in neutral beam systems have·used electrostatic potentials. It is assumed that the accelerator used in this design is electrostatic in nature, although it is worth noting that there have been recent proposals to use a multiaperture RF linear accelerator [26] . If this can be successfully developed it will influence the system design.
The accelerator entrance aperture affects the source geometry because the negative ion current must be mapped into it with high efficiency. Traditional accelerator apertures have been either circular holes or long narrow slots (or an array of holes or slots) because for them the calculation of the beam optics for these geometries is a two dimensional problem and thus relatively amenable to analysis. For the negative ion accelerator one would like to work with a single large aperture in order to avoid losses due to incomplete grid transparency (typically 50%). In principle, a slot can be scaled to arbitrarily large currents by increasing its length; the optics of the resulting beam is unaffected. A circle, on the other hand, cannot be increased to arbitrary large radius. The potential field does not penetrate the beam and the grid optics will deteriorate at large currents. A narrow slot is thus the more desirable geometry.
The entrance geometry of an accelerator whose aperture is a long slot is approximately matched by the beam pattern of LBL ion sources [25] . The divergences of the output particles create an elliptical current density profile near and beyond the source focus if the grids are designed to focus the beam. However, analysis of an accelerator which accepts an elliptical profile is inherently three dimensional nature and thus extremely difficult.
The accelerator is thus placed as near the source a possible and the beam focused in only one direction (the narrow width) to provide a long, slot-like beam. The beamlets from the wide ends of the source can be aimed inward to maximize the amount of beam with constant current density along the slot length.
GAS HANDLING
The gas streaming from the positive ion source must be pumped rapidly to minimize secondary effects within the source grid region, stripping of the negative ions once they are formed in the alkali metal vapor, and generation of downstream plasma. The charge exchange vapor assists in this situation by acting as a barrier to gas flow from the source region to the accelerator region [14, 27] . Thus most of the gas can be handled by a cryopump placed upstream of the charge exchange jet. Gas which leaks through the jet and gas generated on surfaces downstream from the jet can be handled by additional cryopump1ng.
The vapor jet can also assist 1n pumping, acting essentially as a diffusion pump [14] . At the high line densities of vapor required for breaking up molecules this might provide all the pumping. At the lower densities assumed here cryopumping is needed in addition to pumping provided by the jet.
CHARACTERISTICS OF THE COMPONENTS THE POSITIVE ION SOURCE
As discussed above, the analysis assumes a source of the basic LBL design [25] . These sources provide an atomic ion fraction greater than 75% at a gas efficiency (nuclei in beam/gas nuclei used) of 35%, and an energy cost per ion of 0.9 keV.
The grid design will be assumed to be the accel~decel variety using a set of water cooled grids [16] . The optics of such an accelerator [28] Although not as important for our conceptual design, 8 1 , the divergence across the slit, should be minimized so as to minimize divergence at the ends of the system.
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In order to obtain a current density of 0.3 A/em at the source plasma, the probable maximum which can be provided on a long pulse or de basis, an accel~decel system is required. The indicated point at 1 keV is that of the accel~decel system used in the cesium charge exchange system [11, 12] . The point at 10 keV is the water cooled design described in Ref. 16 . The point at 2 keV 1s an untested design for a non~cooled system with a ratio of accel voltage to final voltage of 10. Given the untried nature of the designs, the best that can be expected with confidence is e 1 = 7/IEb (keV) degrees. accel-decel system at 10 keV [16] . For this design, the temperature of the 1ons injected into the accelerator causes only corrections to the divergence.
If the beam at the entrance has a peak current density J 0 and half-width to the 1/e point of Wb' one finds that 
Note that there are other constraints: the accelerator slot length must be at least 10 times its width in order that end effects will be small [28] .
In addition, the electric field in the accelerator must be less than 100 kV/cm to prevent breakdown [25] .
SELECTION OF BEAM ENERGY AND CHARGE EXCHANGE MEDIUM
This completes the information needed to determine the optimum beam energy and (thus) the charge exchange medium and system parameters. As a first step, compare the predicted current density with measured results. For focusing 1n both planes at a distance Lf (or far from the source), the peak current density of negative ions is predicted to be j F 00 Js Aa
For comparison with previous experiments 8ll = 2.1 Eb 1s chosen. The resulting current density is plotted in Fig. 4 . Results from cesium [11, 12] and sodium [15] [16] [17] are plotted at their acceleration voltage; as these experimental beams are mixtures of full, half, and third energy particles the agreement 1s concluded to be good.
With focusing in both dimensions, sodium has a clear advantage in obtainable current density. This, coupled with designs using sufficient sodium to permit the use of molecular ions (thereby increasing the current density at the source above what could otherwise be achieved) has made sodium a contender for a system [13, 14] .
A different conclusion emerges for the "one dimensional" (slot) design considered here. In this case focusing is done in only one direction, and
The result is plotted in Fig. 5 . Angular scattering effects will be considered later. Note that in this limit the current density is almost independent of energy, so that the system optimum can be expected at lower energy.
Using the above conditions, the total current accepted 1n the accelerator 1s found to be: 
The condition to neglect end effects 1s (10) Condition (6) constrains the system first if 1 (ll) In the numerical examples considered below V ~ 200 keV is chosen; consequently the perveance will be constraining for I-> 14.4 A.
In the limit of high source energy the init beam is well focused.
There is no need to make the argument of the error functon in Eq. (1) greater than 1.5, at which point the function is 0.97. Thus, in the limit of large (12) The energy above which this is valid is found by combining Eqs. (7) and (9)- (12), yielding These options ~vill not be explored further here, but should be considered 1n future development efforts.
CONCLUSIONS
We have presented an analysis of a negative ion system based upon charge exchange production of D in alkali metals and extrapolating from results in experimental beamlines. Those results demonstrate that system performance can be predicted.
Subject to the assumptions used 1n the present designs, we conclude that systems producing 5 to 20 A of D-at 200 keV are feasible although large.
The energy cost per ion is less than 23 keV (Table I) . As this is much less than the final 200 keV energy is is not a major limiting factor.
Detailed layout of such a system was not considered here -problems of pump configuration, power supplies, voltage holding, stored energy, etc. offer real constraints on a final design, but lie outside the scope of the present considerations.
It is concluded that unless some of the constraints used in the analysis are relaxed, the optimum system will operate with an ini 1 beam energy of 1.5 to 2 keV and use rubidium as the charge exchange medium. A list of options which might permit better utilization of the large negative ion production in cesium was presented. These should be considered in future work.
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